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Abstract 
This work addresses and compares the application of advanced signal processing methodologies for the analysis of 
the large number of acoustic emission (AE) data as obtained from the quasi-static tension tests of Carbon fiber 
reinforced plastic (CFRP) composites; the event primary frequency technique and the time-frequency analysis-based 
AE analysis. Primary goal of the present study is to investigate the effectiveness of the typical time-frequency based 
methodologies such as Short-time Fourier transform, Wavelet transform and Hilbert-Huang transform in a simulation 
signal analysis for damage evolution monitoring. The results are thoroughly discussed and show that Hilbert-Huang 
transform is much better than the other methods in signal processing. Further on, Hilbert-Huang transform method 
was employed for the analysis of fracture mechanisms in CFRP such as matrix cracking, delaminations and fiber 
breakage, and the AE characteristics of CFRP showed three types of distinct frequency regions. To evaluate the 
cumulative counts of AE signals, it seems that the results can be applied usefully to guarantee structural integrity and 
to the survey of destruction of the structure with tension damage, that was made to the composite materials. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
Carbon fiber reinforced plastic (CFRP) composites are the typical representative of advanced
composite materials. They have been widely used and played an irreplaceable role in military aircraft, 
missiles, rackets, satellite aircraft and wind-power blade as structure material, function material or 
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structure/function integration component material. For example, the dosage of carbon fiber reinforced 
composites in U.S. super "Bumblebee" (F/A-18E/F) is about 19 percent, the dosage in French "Rafale" 
fighters is about 24 percent and in British "Typhoon" (EP2000) fighters is nearly 40 percent. In addition, 
Chinese "Straight-9" and Japanese "OH-1 Ninja" helicopter on use of carbon fiber reinforced composites 
are also reach 40 percent [1]. Now, the dosage on use of composites has been become one of the 
important indexes in measuring the advancement of the aircrafts, and also, the degree of the composites 
usage on body structure has been become an important index in estimating advanced or not of the aircrafts. 
The AE signals of composite materials are mostly non-stationary random signals. There is something 
difficult in signal processing and analysis. Many researchers [2-9] from home and abroad have done a lot 
of research in AE signal analysis. But there is no effective explain about which method is more suitable in 
AE signal analysis especially on time-frequency analysis. In order to find an effective method to analysis 
the time-frequency pattern of the AE signals, different time-frequency methods in signal analysis have 
been down. Something maybe helpful in AE signals of the carbon fiber reinforced composites from the 
spectrums of different time-frequency methods. 
2. Time-Frequency Analysis 
The research about time-frequency analysis started in the 1940s. The objectives of time-frequency 
analysis are mainly about non-stationary signals and time-varying signals. The common time-frequency 
transform methods are mainly Short Time Fourier Transform (STFT), Wavelet Transform (WT), Wigner-
Ville distribution, Hilbert-Huang Transform (HHT) and so on. The main task in use of time-frequency 
analysis is to describe how the spectrum content of the signal changes with time changing and to research 
and understand the meaning of time-varied spectrum in math and physical. 
Short Time Fourier Transform (STFT) is refers to given a very short width time window η(t) to 
decompose the signal by letting the window sliding [10]. It can be described by Eq.1. 
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Formula (1) indicated that the STFT in time t of signal z(t') is the Fourier transform of the signal 
multiplied by an "analysis window" η(t'-t) with t for center. Because the signal z(t') multiplied by a short-
time window function η(t'-t) is equal to take a biopsy of the signal at the analysis time of t, the STFTz(t,f) 
can be understood as the Fourier transform of the signal on the time nearby t, that is "the local spectrum". 
Continuous wavelet transform (CWT) is the function to decompose the signal z(t) of arbitrary spatial 
L2(R) with wavelet bases [11]. It can be described by Eq.2. 
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where a, b separately is the scale parameter and translation parameter of the wavelet bases. The time 
resolution and frequency resolution can be changed by changing the value of a and b. 
Hilbert-Huang Transform (HHT) mainly includes two steps: The first step is the Empirical Mode 
Decomposition (EMD). The original signal was decomposed into many Intrinsic Mode Functions (IMF) 
[12]. The original signal can be described by the sum of the IMFs and a residual. The relationship of the 
original signal and the IMFs was shown in Eq.3. 
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The second step is the Hilbert transform for all the IMFs. The Hilbert transform formula was shown in 
Eq.4. 
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where, P is the Cauchy principle value. 
3. Time-Frequency Analysis of Simulation Signal 
Construct a simulation signal x(t), x(t) was shown in Eq.5. 
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where t=0:1:500. The sampling rate is 500Hz. The time-domain waveform of x(t) is shown in Fig.1. The 
time-frequency spectrum after 256 point STFT, CWT and HHT were shown respectively in Fig.1 - Fig.4. 
    
Fig.1 Time domain waveform of original signal                                              Fig.2 Short time Fourier transform spectrum 
 
Fig.3 Continuous Wavelet transform spectrum                                                        Fig.4 Hilbert-Huang transform spectrum 
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From the time-frequency spectrum of STFT, CWT and HHT, it can be saw easily that the three 
methods in time-frequency analysis can not only reveal the frequency contents but also reveal the trend of 
frequency changes with time changing well. But from Fig.2, it can be seen that there is frequency cross 
terms in the short time Fourier transform spectrum. Because of the existence of the frequency cross terms, 
the accuracy of the STFT is brought down. The time resolution and frequency resolution of CTW 
spectrum is better than the STFT spectrum it can be revealed from Fig.2 and Fig.3. In the low frequency 
range, there is also no frequency cross terms. The CWT is still similar to the STFT from the ultimate 
sense. The difference is that the window function used in CWT is scale adjustable window. So, CWT still 
can't exactly describe the trend of frequency changing with time changes because of the affection of 
window function. The frequency contents were decomposed out exactly after HHT from Fig.4. The 
frequency resolution is high and there is no frequencies cross terms revealed in the HHT spectrum. It is 
sure that HHT can better reflect the time-frequency characters of signals because of the self-adaptability 
of the EMD and the independence of the time resolution and frequency resolution after HHT. The AE 
signals of CFRP in compression testing are stationary random signals, so it is feasible and meaningful to 
analysis the AE signals of CFRP by HHT method. 
4. AE Test and the HHT Analysis of the AE Signals 
Standard tensile specimen was prepared accord to GB/T1448-2005 standard of China. The size of the 
specimen is 100mm×20mm×2.5mm, was cut from CFRP. The specimen was compressed failure by 
WDW-50 electronic testing machine at the speed of 2mm/min. At the same time, PCI-2 was used to 
collect the AE signals produced by CFRP. The sampling rate was set at 2MHz while the hit length was 
1kB. The threshold was set at 45 dB in order to remove the environmental noise and mechanical noise. 
The preamplifier gain was set at 20 dB and the analog filter was 2 kHz-3 MHz. The sensor was R15α and 
use Vaseline as couplant. The AE signals collected in the compression test were divided into three main 
groups. The three groups of AE signals are matrix cracking, delaminations and fiber breakage. The three 
group of AE signals and their corresponding HHT spectrums were shown in Fig.5-Fig.7 separately. 
 
Fig.5 Time domain waveform and HHT spectrum of matrix cracking 
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Fig.6 Time domain waveform and HHT spectrum of delaminations 
 
Fig.7 Time domain waveform and HHT spectrum of fiber breakage 
It reveals that the frequency of matrix cracking is nearly 175 kHz-200 kHz from Fig.5. The basic 
frequency of matrix cracking is nearly in 175kHz.In the low range the frequency changes smoothly. Fig.6 
reveals that delaminations contain many frequency components from low frequency range to the high 
range but the energy is mainly distributed in the middle and low frequency range. From Fig.7, it can be 
seen that the frequency and energy mainly distributed in the high frequency range. The basic frequency of 
fiber breakage is nearly in 275 kHz. 
5. Summary 
There is bigger superiority for Hilbert-Huang Transform in dealing with the nonstationary signals from 
the time-frequency spectrums of Short Time Fourier Transform, Continuous Wavelet Transform and 
Hilbert-Huang Transform. There is no frequency cross terms in the HHT spectrum compared with STFT 
spectrum and CWT spectrum of the simulation signal x(t). Signal was decomposed based the signal itself 
under the EMD method, so each IMF components contains a specific physical meaning. Though CWT 
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also can increase the resolution ratio, the ability of signal analysis and processing by CWT can be 
affected by different wavelet bases. From the comprehensive consideration, HHT method will play an 
important role in the field of nonstationary signal analysis. Still need to point out that, the decomposition 
of EMD takes the time sequence as a scale，so there would be a edge effect in short time signal analysis. 
 The AE signals of CFRP can be well recognized and the time-frequency characters, the trend of 
frequency changes with time changing as well as the energy distribution were well revealed from the 
HHT spectrum. From the HHT spectrum, it is revealed that the basic frequency of matrix cracking is 
nearly 175 kHz, the basic frequency of fiber breakage is nearly 275kHz. Energy of matrix cracking is 
distributed mainly in the low frequency range while energy of fiber breakage is distributed mainly in the 
high frequency range. Energy of delaminations distributed all the frequency range but mainly distributed 
in the middle and low frequency. 
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